Studies of population structure were undertaken at six sites in the Tenby (South Wales) colony of the Mediterranean coastal land snail Theba pisana (Muller). Over four years, the density of adult (two-year-old) snails was estimated as ranging from 39 to 202 m2 during the summer active season; half-grown juvenile (one-year-old) density was estimated during the same time of year as between 13 and 436 m2; no estimates were made of the density of younger snails.
INTRODUCTION
Knowledge of population structure is essential for understanding the maintenance of genetic diversity; and the concepts of neighbourhood and effective population size (Wright, 1969) are of considerable importance in population genetics. Some confusion has arisen in the literature about the distinction between these two concepts. For a discrete, panmictic population, effective population size is the size of an idealised population equivalent genetically to the real one; and this concept is not applicable to a continuously distributed population in which neighbourhood size, combining both density and dispersal within the population, is appropriate. However, many real populations will probably be intermediate in structure between the discrete and continuous models. This paper presents a study of density and dispersal in the coastal Mediterranean land snail Theba pisana (Muller), a helicid snail slightly smaller than Cepaea spp. The populations studied vary in area but are large enough to be considered as continuously distributed populations, rather than localised discrete units, and estimates of neighbourhood size within them may be calculated from the estimates of density and dispersal. Both density and dispersal do of course have considerable ecological interest in their own right.
The distribution of T. pisana extends from the Mediterranean up the Atlantic coasts of Spain, Portugal, France and Belgium, and reaches its northern limit at a small number of localities in the south-west of the British Isles (Kerney, 1976; Cowie, 1982) . The largest of these British colonies is at Tenby in South Wales, and it was here that this study was carried out.
Six sites were selected for the study (see Cowie, 1984a , for locations of these sites, and Cowie, 1982 , for detailed descriptions of them).
METHODS
(i) Density At Tenby, Theba pisana is biennial, breeding in late summer and autumn of the second year. In early and mid summer there are two distinct sizeclasses in the population, viz., adults which are just about to breed, and approximately half-grown one-year-old juveniles (Cowie, 1 984b) .
Allocating snails by eye to one of these classes is not difficult. In July 1981, thirty random quadrats (025 X 025 m) were sampled within the area of about 25 X 5 m which constitutes site 2, and numbers of adults and juveniles recorded in each. Population density could then be estimated at this site. The data were also used to obtain information on the pattern of the snails' distribution, by means of the index of dispersion (Southwood, 1978) :
in which i is the mean sample size, s2 is the variance, and n is the number of samples. 'D is approximately distributed as x2 with n -1 degrees of freedom, and departure from random dispersion can hence be tested.
(ii) Dispersal Dispersal was measured by releasing 200 near-adults and 200 approximately half-grown juveniles, marked with a spot of paint, from a central release point at each of two sites (sites 2 and 6). Release of individually marked animals from where they were found, although theoretically preferable since it reduces unnatural dispersal due to disturbance, overcrowding at the release point, and situation of the release point in an unfavourable micro-habitat (Cowie, 1980a) , was not practicable in this study. The experimental snails were collected immediately prior to marking and release, on 9 July 1980, and dispersal distances were measured after about 100 days (17, 18 October 1980) , for snails recaptured both dead and alive. Suitable habitat within about 20 m of the release points was searched for marked snails.
RESULTS (i) Density
The quadrat data gave estimates of population density of 197 m2 for adults and 203 m2 for juveniles. Extrapolation from data obtained at the five other sites and in four other years (Cowie, 1982) pve estimates ranging from 39 to 202 m2 for adults and from 13 to 436 m for juveniles (tables 1 and 2-no data available for sites 2 and 6 in 1980). The values calculated for the index of dispersion (582 for adults, 77 for juveniles) indicate highly significant aggregation (p<0.001 in both cases). An F-test on the values of s2 (247 for adults, 34 for juveniles) suggests that the adults were more aggregated than the juveniles (p < 002). Greenwood (1976) , variance of dispersal along one axis (required for the estimation of neighbourhood size) has been calculated as half the variance of dispersal in all directions (absolute or radial dispersal), which was measured, from the relation used by Cowie (1 980a, after Dobzhansky and Wright, 1943 They are probably over-estimates of the true variance of dispersal, for the reasons given above (methods section), although the fact that snails moving long distances from the release points are less likely to be captured than those moving less far, may offset this.
(iii) Neighbourhood size Wright (1969) The variance of dispersal along a single axis for T. pisana at Tenby for a 100 day period during the active season was estimated above as between 0489 and 1-601 m2. The snails are active at Tenby from about early April until late October, although some activity takes place all year round. Since they die soon after breeding, the lifetime and generation time are approximately equivalent and equal to about two years (Cowie, 1984b) . Therefore, if variance of dispersal increased in proportion to elapsed time (Lamotte, 1951; Greenwood, 1974) , and adult and juvenile dispersal were similar, its value per generation would be about four times that for 100 150 days. Although nothing is known of dispersal of newly-hatched juveniles, the values obtained above for 100 days are probably over-estimates, and it seems reasonable to take these as the minimum estimates of true variance of dispersal per generation. The latter then lies between O489 m2 (100 days, site 6, juveniles) and 6404 m2 (4 X 100 days, site 2, adults). These values, combined with the range of estimates of breeding adult density (39 to 202 m2), give the neighbourhood number (N) as between 240 and 16,257 (table 3) The effective neighbourhood number (Ne) may depart from N under certain conditions (Murray, 1964; Wright, 1969; Greenwood, 1974) . The effects on this study are now dealt with in turn.
(i) Sex-ratio not unity. The term sex-ratio is redundant in a hermaphrodite species such as T. pisana, if one assumes that all individuals behave as males and females to the same extent.
(ii) Non-random fertilisation. In an obligately outbreeding hermaphrodite, fertilisation is not completely at random since self-fertilisation is precluded. In this case N will differ, but only slightly, from N:
NeN+05 (Wright, 1969, p.212) .
Clearly this is of no importance in the present study.
Non-random fertilisation could also be caused by assortative mating. This has not been investigated in T. pisana, but neither Lamotte (1951) nor Wolda (1963) could find any evidence for it in Cepaea nemoralis in terms of either shell colour variation or shell size, these being the only characters investigated. It may occur, if at all, only to a very small extent, causing Ne to differ from N by only a few percent (Greenwood, 1974) .
(iii) Non-random dispersal. Dispersal was probably not random, since the release area was not absolutely uniform and some micro-habitat selection probably took place. However, Wright (1951) remarked that Ne was determined "largely irrespective of the form of the distribution curve" (of dispersal), and later (Wright, 1969) showed it to vary little with changing kurtosis (at least in a two-dimensional habitat). Non-random dispersal will therefore not alter greatly the present estimate of Ne.
(iv) Fluctuating population size. When density is fluctuating, the effective number is given by the harmonic mean of the number in successive generations, enhancing the importance of the smaller values (Wright, 1938 (Wright, , 1940 Crow and Morton, 1955) . Implicit in this is the assumption that the fluctuations occur around a constant mean (Wright, 1969, p. 214) , and indeed there was no obvious indication of an overall long-term trend in the Tenby colony (Cowie, 1982) . The reduction of this effect, because of multiple mating and sperm storage (Murray, 1964) has been ignored in the present study, since although not negligible, it will be of less importance in the approximately semelparous T. pisana (Cowie, 1984b) than in the iteroparous C. nemoralis discussed by Murray (1964) . It will increase the estimate of N, and it is the minimum estimate which is important in elucidating any significance of genetic drift. T. pisana is probably not absolutely biennial at Tenby; some individuals may reach maturity in one year, others requiring three (Cowie, 1980b (Cowie, , 1984b (v) Non-random variation in family size. The family size is the number of individuals reaching reproductive maturity contributed to by each adult. In a population of cross-fertilising hermaphrodites (equivalent to a population of dioecious organisms -Wright, 1969 ) the mean family size will be 2 if population size is constant; and if the contribution from each parent varies randomly (according to a Poisson distribution -Falconer, 1981) , the variance will also be 2. If it is not, this may affect N considerably, since Ne2 (after Wright, 1969) in which V1 is the variance in family size. Direct information on V1 cannot easily be obtained from natural populations, but Crow and Morton (1955) have derived formulae relating it to the initial production of offspring. They produced two models, one based on random mortality of offspring between birth and maturity, and one based on mortality in family units. Greenwood (1974) combined these two models by introducing a term U, denoting the proportion of the juvenile mortality occurring in family units, assuming a constant population size. He gave his formula as:
Correctly it should read (Greenwood, personal communication) :
in which M and V are the mean and variance of the number of offspring produced. In a laboratory study of T. pisana, the minimum estimate of mean lifetime egg production per pair (and therefore the number contributed to by each adult) was 368 and the variance 173,056 (Cowie, in press b) . Greenwood (1974) argued that for C. nemoralis U would be about 03. The value of Ne is robust to differences in U, particularly when U is low, so U =03 will be used here. Combining it with values of M (368) and V (173,056), Greenwood's equation gives us Vf =898. This yields a range of Ne from 115 (site 5, lowest estimate of N= 317) to 4130 (site 2, highest estimate of N= 11,337).
Discussior. (i) Density
The values of 39 to 202 m2 (adults) and 13 to 436 m2 (juveniles) are within the very broad range of estimates of previous authors. Hickson (1972) estimated total population density as between 6 and 33 m2, and Johnson (1981) gave values of 26 to 40 m2 for adults. Both these studies were of duneland areas, probably more sparsely vegetated than the Tenby sites. Lazaridou-Dimitriadou and Daguzan (1981) gave values of ito 9 m2 in duneland, and 110 to 1200 m2 in a more densely vegetated habitat; these figures are extremes for a whole year and include both adults and juveniles; the high figure of 1200 m2 probably occurred during the breeding season. Basinger (1927) Certainly, T pisana is well known (e.g., Taylor, 1912 : Germain, 1929 , 1930 for its ability to reach densities much higher than many other species of terrestrial snail (e.g., Helix aspersa-Potts, 1975; Crook, 1980 ; Cepaea nemoralis-estimates of various authors summarised by Williamson, Cameron and Carter, 1977; Aegopinella and Nesovitrea-Mordan, 1977; Caracolus carocollus-Heatwole and Heatwole, 1978) . Higher densities, approaching those attained by T. pisana, have been reported for species of Cerion by Woodruff (1978) , for Candidula intersecta (= Helicella caperata)
by Baker (1968) , and for Cernuella (= Helicella) virgata by Pomeroy (1969) , although in both the latter cases the highest densities were only attained immediately after breeding.
Aggregation has previously been reported both for T pisana (Lazaridou-Dimitriadou and Daguzan, 1981) and for other species of snail (e.g., Baker, 1968; Pomeroy, 1969; Crook, 1980) . It can result in two ways: selection of preferred areas within the habitat, and/or some form of interaction between individuals (e.g., Hamilton, 1971) . The latter may be important on a very small scale; T pisana forms clusters on the stems it uses as resting sites, perhaps benefitting from the shade of other snails (McQuaid, Branch and Frost, 1979; Cowie, 1982) . The aggregation seen in this study is almost certainly due to selection of particular plants for resting positions (and perhaps for food), and adults and juveniles show different preferences (Cowie, 1982) .
(ii) Dispersal Although Cowie (1980a) , in a study of dispersal in two other species of land snail, did not detect any effect of overcrowding at the release point on subsequent dispersal, it is possible that this and the other factors mentioned earlier may mean that the estimates of dispersal presented here for T. pisana are not very accurate. However, they are of a similar magnitude to those of Hickson (1972) for T. pisana in South Africa (0159-1052 m2), but far less than those of Greenwood (1974) for Cepaea nemoralis (30-100 m2) and of Crook (1980) for Helix aspersa (17-45 m2) . These data imply that T. pisana is much more sedentary than these other species, although Johnson (1981) , working on T pisana in Australia, showed that while most of his snails remained within 5 m of his release points over their active season, a small number travelled much further. Dürr (1946) described a similar experiment to that reported here and concluded that T. pisana showed a "reluctance to migrate"; and Humphreys (1976) provided some further evidence of its sedentary nature. Other studies of dispersal in snails (Paul, 1978; Cowie, 1980a) were for much shorter periods.
(iii) Neighbourhood size At all stages of this study, the need for a minimum estimate of neighbourhood size has been borne in mind (ci. Begon, Krimbas and Loukas, 1980) . It seems unlikely that dispersal variance per generation would be lower than the minimum value used; and the minimum estimate of density seems appropriate for the Tenby colony. However, the assumption of constant population size over the long term, although not contradicted by the density estimates (tables 1 and 2), may not be valid. T pisana is under considerable pressure at Tenby from urban development and tourism (Cowie, 1982) and populations may be diminishing. This would lower the estimate of Ne by an amount depending on whether it was the inbreeding effective number or the variance effective number (Wright. 1969, p. 211) which was being considered. Wright (1969, p. 219 ) gave these as:
in which 1Z is the mean family size. When population size is constant, as assumed earlier (i.e., k =2), these are equal. If it were decreasing by 25 per cent per generation (k = 15), this would lower the minimum estimate of the inbreeding effective number to 73, and of the variance effective number to 91 (for N=137, V1=898). The estimate would be further reduced if the assumptions of random fertilisation and random dispersal were not true. Furthermore, if V1 were larger in the field than in the laboratory, because of greater differentials in fecundity and survival, the estimate of neighbourhood size would again be lowered.
Although it is not possible to deduce much about the importance of drift on the basis of an estimate of neighbourhood size without knowledge of selection coefficients, the minimum estimate obtained in this study (115) is in the region in which it is difficult to discount drift as a potential force (Wright, 1943; Begon, 1977) . The present upper estimate (4130) is, however, effectively infinite as far as stochastic processes are concerned.
Elsewhere, where populations of T. pisana are more sparse, more isolated, and in which bottlenecks may occasionally take place, drift could be of considerably more consequence than it appears to be in the Tenby colony. Greenwood (1974) estimated neighbourhood size (N) for Cepaea nemoralis as between 380 and 14,000 with the effective size as about half this. He later corrected these values (Greenwood, 1976) such that N lay 180 and 12,000; and therefore Ne would lie between 95 and 6000, figures very similar to those estimated here for T pisana. This similarity does obscure, however, the differences between these two species in dispersal and population density, T pisana appearing more sedentary, but often existing at much higher densities than C. nemor'4lis. Selander and Kaufman (1975) , working on Helix aspersa, considered the snails in their study area to be in small, discrete colonies, and estimated effective population size (not neighbourhood size) as about 15, on the basis of heterogeneity between colonies in allozyme frequencies. They considered this heterogeneity to be in part due to founder effects. However, their study did not measure dispersal, although they suggested that human disturbance could introduce some mixing of the colonies, which they proposed would result in a "quasipanmictic" unit of effective size about 400, a figure perhaps more appropriately comparable with the estimates of neighbourhood size for T pisana and C. nemoralis. Crook (1980) also estimated neighbourhood size in two colonies of H. aspersa, as 512 and 36, which he reduced to effective sizes of 215 and 15 respectively. His results emphasize the fact that estimates of neighbourhood size such as those discussed here only refer to the particular colonies studied, and generalisations from them to characteristic values for a species must be cautious.
These values of neighbourhood size, except the lower ones for H. aspersa, are of a similar order to those available for many other organisms, but rather higher than those for some mammals and plants (see e.g., Wright, 1978; Begon, Krimbas and Loukas, 1980 , for references). They are not strictly comparable with the values derived from long-term chromosomal evolution by Lande (1979) of 30-200 in mammals, 40-300 in lower vertebrates, and 200-800 in dipterans like Drosophila, since these are effective population sizes based on assumption of evolution in discrete panmictic units.
